Abstract: The quantum chemical calculations using DFT were performed for 2-alkyl-4X and 2,6-dialkyl-4-X substituted phenols. Based on the optimal geometries the bond dissociation enthalpies (BDEs), proton enthalpies (PAs) and the lipophilicities were computed. Additionally, simple geometry parameter was found correlating well with experimental leukemia cell toxicity of substituted phenols. Next, we have found no linear dependence between PA or BDE values and log1/C values in gas phase or in water despite the radical toxicity mechanism proposed in the literature.
Introduction
Phenol derivatives show various biological activities including many of them that are still not completely understood. They may act like radical scavengers as well as cytotoxic compounds. Some evidences even suggest catechol and hydroquinone, the components in cigarette tar, as the cause of lung damage in smokers (Ong et al., 1994) . Recent biological studies examined the cytoto xicity, i.e. the molar concentration of substituted phenols that induces 50 % inhibition of fast-growing murine leukemia cell line (L1210). Important structural and electronic features that might be responsible for the biological activity were pointed out for twenty one of 2-alkyl-4-X-phenols and 2,6-dialkyl-4-X-phenols (Selassie et al., 2002) . Authors supposed a radical mechanism of the observed toxicity. For 14 derivatives, the linear dependence of toxicity on relative homolytic O-H bond dissociation energy (BDE) was found with the coefficient of determination R 2 = 0.936. The BDEs were obtained by quantum chemical calculations based on the gas-phase density functional calculations in 6-31G** basis set using AM1 optimal geometries. On the other hand, the correlations of partition coefficients (log P) and/or Taft's steric parameters with the cytotoxicity concentrations for more than 10 compounds lead to worse dependencies. The log P values were obtained from the Quantitative Structure-Activity Relationship (QSAR) model. Authors concluded that overall toxicity of the phenol derivatives involves a balance between electron density on the aromatic ring and lipophilicity. Also, electron withdrawing substituents induced toxicity, but much less than their electron donating counterparts (Selassie et al., 1998; Ghamali et al., 2015) .
From the theoretical point of view, the quantum chemical approaches are commonly used in drug design. Very often, the molecular properties are calculated for a set of model compounds or real drugs and they are correlated with macroscopic biological activities. In this context we can mention the density functional theory. In comparison with QSAR models the quantum chemical calculations are able to account for the conformation effects and specific geometry effects which are important in drug docking. With respect to the above mentioned we will perform the DFT calculations for 21 phenolic compounds. The schematic structure of studied derivatives is presented in Scheme 1 and the substituents are collected in Tab. 1. The main goals of this work can be defined as follows: i) to obtain optimal geometries in the gas phase and solvents (water, n-octanol); ii) to calculate the BDEs and proton affinities (PAs) for phenolic O-H bond. Next, we employ the statistical tools and explore various correlations of experimental phenol derivatives toxicity and obtained parameters.
Computational details
DFT calculations were accomplished using Gaussian 09 program package (Frisch et al., 2009 ). For our calculations, the 6-311+G(d) basis sets (Krishnan et al., 1980; McLean et al., 1980; Clark et al., 1983) and B3LYP hybrid functional (Lee et al., 1988; Becke, 1988) were employed. At first the optimal geometries of the studied species (in neutral, ionic and radical form) were found in gas phase (with opt = tight keyword). Vibrational analysis showed no imaginary frequencies confirming the real geometry of the energy minima. BDE Scheme 1. Schematic structure of phenol derivatives with atom numbering.
Tab. 1. The experimental cytotoxicity of the studied substituted phenols log 1/C (Selassie et al., 2002 ), B3LYP/6-311+G* gas phase and SMD(Water) BDE and PA values, predicted lipophilicity DFT-LogP, theoretical lipophilicity model MiLogP (Molinspiration, 2016) and the C1-C2 distance R C1-C2 . 
were based on the enthalpies of the phenol derivative H(ArO-H) in the neutral form, hydrogen radical enthalpy H(H˙) and the enthalpy of the phenol derivative radical H(ArO˙) that is created after homolytic O-H bond breaking. Proton affinities were calculated in similar fashion
where H(ArO -) is the enthalpy of phenol derivative ion formed after the proton abstraction from O-H bond. The symbol H(H + ) stands for the proton enthalpy. All the enthalpies were estimated for T = 298.15 K. Solvent effects for theoretical hydrophobicity estimation were accounted by the continuum Solvation Model based on the quantum mechanical charge Density (SMD) (Marenich et al., 2009 ) of a solute molecule interacting with a continuum implemented in Gaussian 09. Lipophilicity calculations involve the abstraction of the Gibb's energy of the derivative in water G W (ArO-H) and
Finally, the BDE and PA values in solvent approximated by SMD model were calculated using Eqs. (1) and (2). The hydrogen atom (H˙) and proton (H + ) hydration enthalpies were taken from the literature: ∆ hydr H(H˙) = -4 kJ mol -1 (Parker, 1992; Bizarro, 1999) , ∆ hydr H(H + ) = -1090 kJ mol -1 (Atkins, 1998) .
Results and Discussion
The selected compounds examined here include the commercial antioxidant BHT (#05) and its analogs possessing similar structure of a sterically hindered phenolic group. These molecules are able to scavenge free radicals and to form relatively stable radicals after hydrogen abstraction from the O-H bond. Therefore, radical mechanism of the toxicity has been anticipated by several works (Selassie et al., 1998 (Selassie et al., , 2002 . The calculated BDE values are collected in Tab. 1. The solvent has the minimal effect on these values (from 0 to 11 kJ mol -1 except for the derivative No. 2 containing methoxy groups in ortho positions). Despite above mentioned literature findings, an attempt to obtain a linear relationship between experimental toxicity concentration (log 1/C) values and DFT BDEs resulted in a poor correlation. This discrepancy can indicate the preference of another mechanism. While in gas phase the hydrogen atom cleavage may be thermodynamically preferred, in water solvent the proton abstraction is by ca. 200 kJ mol -1 less energy demanding (Tab. 1). Nevertheless, PAs in gas phase as well as in water show no linear correlation with toxicity. The lipophilicity is the next calculated thermodynamical property connected with the solubility. Since experimental log P values to our best knowledge are not available the DFT calculations in water and octanol solvents allowed the theoretical estimation of a DFT-logP dependence. The check for coarse errors can be done by correlating the obtained values with the Molinspiration data (MI-logP), which is a simple online tool for hydrophobicity prediction (Cheminformatics, 2016) .
We found correlation coefficient R = 0.973 after excluding slightly off linear points for 4-bromo-2,6-di-tert-butylphenol, 2-methyl-4-nitrophenol and 2-methyl-4-bromophenol. Cytotoxicity uses to be directly proportional to the partition coefficient, because the site of action is usually a lipid membrane. Indeed, the linear trend of the experimental toxicity expressed as log1/C with DFT calculated values (DFT-logP) according to the Eq. (5) log 1/C = 2.4(2) + 0.37(4)·DFT-logP (5) can be found with the correlation coefficient R = 0.955. This linear dependence covers 57 % of the derivatives. It seems that the specific solvent effects neglected in the implicit models and steric hindrance may be important here and are difficult to be described theoretically. Besides the energetical quantities the molecular structure should have the direct influence on the cytotoxicity. In our model we have investigated the role of the bonds of the aromatic ring. For the sake of simplicity, we have defined the gas phase geometry parameter R d
where R i is carbon-carbon distance of i-th derivative in neutral form and R PhOH, i represents the corresponding bond in the parent phenol molecule. The 
Two compounds (2,6-dimethoxyphenol, and 2,4-ditert-butylphenol) were omitted (see Fig. 3 ). The latter one seems to be generally difficult to characterize (Borges dos Santos, 1998; Selassie et al., 2002) . The reference C1-C2 distance in phenol is 1.39476 Å and Tab. 1 contains R C1-C2 values for the studied derivatives. It seems that in order to make phenol more cytotoxic, we have to pick the substituents which can stretch the C1-C2 bond and vice-versa.
Conclusions
In this paper, the set of 21 di-and trisubstituted phenols with most substituents in the ortho position to the OH group were examined, and the corresponding experimental toxicity was correlated with Fig. 2 . Dependence of experimental phenol toxicity (log 1/C) on theoretical B3LYP/6-311+G* lipophilicity values (DFT-logP). The omitted substituents are denoted as empty circles. Fig. 3 . Relationship between experimental phenol toxicity (log 1/C) and theoretical B3LYP/6-311+G* relative geometrical parameter R d (see eq. 6) for C1-C2 distantance. The omitted substituents are denoted as empty circles.
theoretical parameters calculated at the DFT level of theory. Our results render toxicity, represented by log 1/C values, closely related to lipophilicity as the DFT-logP data explained the cytotoxicity of most studied derivatives. It should be mentioned that the accuracy of the theoretical values is highly dependent on the choice of the solvation model. Adding the solvent molecules explicitly may improve the description of the solvent effects, but at the cost of the significantly higher CPU time requirements. Despite various insights regarding radical mechanism of the toxicity that can be found in the literature, we found no linear dependence of BDE values and log 1/C in gas phase or in water. The same conclusion holds for proton affinities as well. It seems that the mechanism of the toxi city cannot be easily described by thermodynamical quantities and various subtle steric and substituent effects may be either in synergy or in antagony. Additionally, we have shown that the simple gas phase geometrical parameter based on the C1-C2 bond provides better correlation with experimental toxicity values. The most cytotoxic derivative had also the longest C1-C2 bond. Found linear dependences can be used to predict biological activities of other phenolic compounds.
